U3 U8 snoRNA, maternal expression, RNA processing, embryogenesis 1 ABSTRACT 2 Small nucleolar RNAs (snoRNAs) are non-coding RNAs that play an important role in the 3 complex maturation process of ribosomal RNAs (rRNAs). SnoRNAs are categorized in classes, 4 with each class member having several variants present in a genome. Similar to our finding 5 of specific rRNA expression types in zebrafish embryogenesis, we discovered preferential 6 maternal-and somatic-expression for snoRNAs. Most snoRNAs and their variants have 7 higher expression levels in somatic tissues than in eggs, yet we identified three snoRNAs; 8 U3, U8 and snoZ30 of which specific variants show maternal-or somatic-type expression.
73 sequence specific way, we hypothesized that there also might exist specific maternal-and 74 somatic-type snoRNAs. For this, we investigated the expression of the snoRNAome 75 throughout zebrafish development from egg to adult, by small-RNA-seq and discovered that 76 indeed complete and partial transcripts of snoRNA variants exist that show either maternal-77 or somatic-preferential expression. Moreover, we determined that this developmentally 78 regulated expression is likely regulated both at the level of transcription, as well as RNA 79 processing. Together, with our recent finding that also a maternal-type spliceosome with 80 specific snRNA variants exists for early embryogenesis (36) everything points to the 81 existence of a comprehensive dual translation system in zebrafish embryogenesis. 82 83 RESULTS AND DISCUSSION 84 Cataloguing the zebrafish snoRNAs 85 In our previous studies (34,35), we identified two distinct types of rRNAs in zebrafish 86 development: maternal and somatic. The maternal-type rRNAs make up virtually all the 87 rRNA present in oocytes and are gradually, yet completely, replaced by the somatic-type 88 rRNAs during embryogenesis. There are, for each rRNA species, 5S, 5.8S, 18S and 28S, 89 significant sequence differences between the two types of rRNA, indicative of a substantial 90 functional difference. Given that snoRNAs are intricately involved in the complex 91 maturation process of rRNA via sequence specific interactions, we investigated whether 92 there are specific snoRNAs being co-expressed with maternal-and somatic-type rRNAs.
93 As the zebrafish genome is quite well annotated, we started by making an inventory of the 94 known genomic snoRNA sequences. In general, snoRNAs are categorized in two main 95 families based on the presence of conserved sequence motifs: the C/D box and H/ACA box 96 (37) and they can be found in the databases snOPY (38) and Ensemble 89 (39) 210 As a starting point for finding biological relevance of the observed maternal-and somatic-211 expression profiles for different snoRNAs, we compared the sequences of the maternal-type 212 to the somatic-type variants of the U3, U8, and snoZ30 snoRNAs. There are quite some 213 sequence differences (8%, 16%, and 36%, respectively), which may be indicative for 214 functional diversity ( Figure 3A and Supplemental Figure SF4 ). One obvious difference could 215 relate to the usual target RNAs for each snoRNA.
216 Several potential snoRNA-rRNA interactions could be pinpointed by complementary 217 sequences, in line with those reported in literature (1). However, many are in the 5' guiding 218 part of the involved snoRNAs, which is absent in our reads (Supplemental Figure SF5 ).
219 Conversely, many (known) interactions are found in the ETS regions of the rRNA genes 220 (Supplemental Figure SF5 ). Yet we observed that the involved maternal-type U-DII snoRNAs 221 are present throughout embryogenesis, much like the maternal-type rRNAs. This, combined 222 with the assumption that maternal-type rRNAs are only transcribed and processed during 223 oogenesis and somatic-type rRNAs during embryogenesis and adulthood, it seems unlikely 224 that maternal-type snoRNAs have a role in the processing of maternal-type rRNAs. Hence, 225 the observed U-DII snoRNA likely have other functions, much like snoZ30 that binds to 226 snRNA U6 (44). Given these constraints we were unable to identify any promising 227 interactions between the many possible interactions of U-DII snoRNAs and rRNAs 228 (Supplemental Figure SF5 ). It should be noted that such interactions are hard to find given 229 the sometimes seemingly feeble reverse complement base pairing in these situations.
230
231 Preferential expression of complete snoRNAs 232 The fact that virtually only U-DII snoRNA sequences were found by small-RNAseq, did not 233 match with the current knowledge of complete U3 and U8 snoRNAs, as well as a qRT-PCR 234 analysis which showed their abundant presence in the tested zebrafish samples (result not 235 shown). Given that we sequenced nearly all zebrafish tissues lead to the conclusion that, 236 with the NGS platform (Ion Proton) employed in this study, we are not able to sequence 237 complete U3 and U8 snoRNAs. This is also the case for many 5S rRNAs plus almost all tRNAs 238 and is likely caused by the cumulative effect of 5'/3' modifications, strong secondary 239 structures, and modified nucleotides.
240 To still determine whether the complete U snoRNAs also display preferential maternal or 241 somatic expression, we developed a PCR-based strategy that focused on the missing 5' parts 242 of the U snoRNA genes. To overcome the high similarity between the U3 variants, as well as 243 between the U8 variants, this approach starts with a RT-PCR, using as much as possible 244 generic PCR primers ( Supplemental Table ST4 ), after which sequencing of the PCR products 245 reveals the distribution of variants ( Supplemental Table ST4 ). This RT-PCR-qSeq approach 246 revealed that the complete U3 and U8 snoRNAs display the same expression patterns as the 247 shorter U3DII and U8DII ( Figure 3D and Supplemental Table ST4 ).
248
249 Possible involvement of ITS sequences in U3-DII processing 250 While investigating the maternal-type U3 snoRNA tandem repeats, we observed additional 251 small RNAs that originate from the ITS regions between the snoRNA genes in the U3 252 genomic regions. These small RNAs either have their own promoter, or the U snoRNA genes 253 in tandem repeats generate one transcript which is later on processed into individual 254 mature U snoRNAs. As these small RNAs are derived from the U-ITS region, we named them 255 snoRNA-ITS-small-RNAs (sitsRNA). For instance, for the U3 loci on chromosome 14, we 256 detected essentially five different sitsRNAs (25 nt to 30 nt) that came from a highly 257 conserved region of 265 nt, just 379 nt upstream of each U3 variant sequence. We noticed 258 that there are several sitsRNAs from the various U snoRNA in tandem repeats that show 259 complementarity with U snoRNA sequences, in particular, one 26 nt sitsRNAs from the U3 260 loci on chromosome 14 showed two regions (each 7 nt long) that are reverse complement 261 to U3 snoRNA a sequence in the 5' part and one in the D-II region ( Figure 1B) . This raises the 262 intriguing possibility that this particular sitsRNAs may somehow be involved in the 263 processing from full length U3 snoRNA to U3-DII snoRNA as the locations of interaction 264 between the sitsRNAs and the U3 snoRNA span the cutting site ( Figure 1B) . Although similar 265 sites were found in the other U3 and U8 clusters, we were unable to find another sitsRNAs 266 that would interact like this. Still we feel there are enough indications that warrant further 267 investigation of the possible role of U-ITS sequences in snoRNA processing.
CONCLUSION
269 In this study, similar to our previously report on developmental-specific expression of 270 rRNAs, we observed a specific subset of snoRNAs; U3, U8 and snoZ30 of which variants 271 show distinct expression profiles during early zebrafish embryogenesis. All other snoRNAs 272 are about eight times higher preferentially expressed in non-embryonic developmental 273 stages, which may be a logical consequence of the fact that the rRNAs are already processed 274 in an egg, thus only requiring snoRNAs for other tasks than rRNA maturation during early 275 embryogenesis. 276 We discovered next to the complete U snoRNAs, also U3-DII and U8-DII partial snoRNAs, 277 which miss their 5' rRNA recognizing part and essentially consist of just the Domain-II 278 hairpin structures. These U-DII partial snoRNAs variants also showed maternal-or somatic 279 preferential expression, which correlated nicely with their genomic organization in tandem 280 repeats and solitary, respectively. The complete versus partial U snoRNAs show the same 281 preferential expression.
282 Though, at least part of the detected differential gene expression is likely caused by 283 associated promotors of the involved snoRNA genes, we were unable to find any sequences 284 in the 200 bp upstream promoter region that could discriminate the maternal-from the 285 somatic-type snoRNA genes (results not shown).
286 While the function of the U-DII snoRNAs is still unclear, given that the DII part of complete U 287 snoRNAs is known to bind to several proteins (45,46), the intact hairpin in a U-DII snoRNA 288 hints at a role as ribonucleoprotein. In any case, since they seem to be strictly regulated, U-289 DII snoRNAs probably have a significant role in the zebrafish embryogenesis.
290 How they come about is another fascinating puzzle. We observed small RNAs, which 291 originate from the ITS regions of U3 snoRNA loci, that show convincing complementarity 292 with U3 sequences. This raises the possibility that they somehow may be involved in the 293 biosynthesis of the U3-DII snoRNAs. In any case, there is a notable analogy between the 294 relatively-small RNA-processing snoRNAs that are located in introns of genes usually 295 involved in ribosome biogenesis and small RNAs, which are located in the ITS of snoRNAs 296 they possibly support processing. 
